P i e r d o m e n i c o Perata,a,bll C h i a k i Matsukura,a P a o l o Vernieri,b a n d Junji Y a m a g u c h i a aNagoya University Bioscience Center, Nagoya University, Chikusa-ku, Nagoya 464-01, Japan bDepartment of Crop Plant Biology, University of Pisa, Via Mariscoglio 34, 56124 Pisa, ltaly lncreasing evidence shows that sugars can act as signals affecting plant metabolism and development. Some of the effects of sugars on plant growth and development suggest an interaction of sugar signals with hormonal regulation. We investigated the effects of sugars on the induction of a-amylase by gibberellic acid in barley embryos and aleurone layers. Our results show that sugar and hormonal signaling interact in the regulation of gibberellic acid-induced gene expression in barley grains. The induction of a-amylase by gibberellic acid in the aleurone layer is unaffected by the presence of sugars, but repression by carbohydrates is effective in the embryo. a-Amylase expression in the embryo is localized t o the scutellar epithelium and is hormone and sugar modulated. The effects of glucose are independent from the effects of sugars on gibberellin biosynthesis. They are not due t o an osmotic effect, they are independent of abscisic acid, and only hexokinase-phosphorylatable glucose analogs are able t o trigger gene repression. Overall, the results suggest the existence of an interaction between the hormonal and metabolic regulation of a-amylase genes in barley grains.
INTRODUCTION
Sugars represent an important source of energy and carbon skeletons for plant growth and development, and they also act as signaling molecules whose transduction pathways influente developmental and metabolic processes (reviewed in Koch, 1996) . Little is known about the interactions of the sugar signal transduction pathways with other signaling pathways. A recent report (Dijkwel et al., 1997) has shown that a close interaction exists between the sucrose and light-signaling pathways in Arabidopsis, and it is conceivable that communication may also occur between sugar and hormone signal transduction pathways (Thomas et al., 1995) . lnteraction between hormone signal transduction pathways is well established (e.g., see Klee and Estelle, 1991; Davies, 1995) , but evidence for interaction between the sugar signaling and hormone signaling pathways is scant. Sugar modulation of genes involved in the biosynthesis of plant hormones (see Jang et al., 1997) does not itself indicate the existence of communication between the signal transduction pathways. Indeed, the limited evidence for interaction between the sugar and hormone signaling pathways mainly indicates hormonal effects on sugar-regulated genes. For example, auxin counteracts the sugar-induced activation of the vegetative storage protein (Vsp) gene in soybean (DeWald et al., 1994) . The enhancing effect of sugars on the induction ' To whom correspondence should be addressed at Department of Crop Plant Biology, University of Pisa, Via Mariscoglio 34, 56124 Pisa, Italy. E-mail pperata@agr.unipi.it; fax 39-50-540296. of a gibberellin (GA)-induced gene (chalcone synthase) is related to the role of carbohydrates in metabolism rather than as signal molecules (Moalem-Beno et al., 1997) . The induction of sporamin and p-amylase in leaf petioles from sweet potato can be mimicked by abscisic acid (ABA), and gibberellic acid (GA,) has a counteracting effect (Ohto et al., 1992 ), although it is not known whether induction of these genes by sucrose or ABA is mediated by independent pathways.
The induction of a-amylase by GA in cereal grains and the counteractive role of ABA on the same process represent a classical model system for studying the mode of action of GA (reviewed in Jones and Jacobsen, 1991) . Little is known about the effect of sugars on the induction of a-amylase by GA, although the release of a massive amount of glucose from starch degradation prompted some authors to investigate this subject. The results indicated that sugars may affect the production of the a-amylase enzyme by aleurone layers prepared from the Himalaya variety, but only through an osmotic effect at relatively high concentrations (Jones and Armstrong, 1971) .
Besides the aleurone layer, the scutellum also secretes a-amylase during germination in many cereal grains, including barley and rice (Okamoto et al., 1980; Akazawa and HaraNishimura, 1985) . Sugars affect GA synthesis (Radley, 1967) and a-amylase production by barley scutellar tissue (Smith and Briggs, 1980) , although it is unclear whether regulation of a-amylase synthesis by sugars is via an effect on GA synthesis. Indeed, it is not clear whether a-amylase production by scutellar tissue is under hormonal control. In rice, the a-amylase gene RAmy3D is expressed in the scutellar epithelium and is mainly under metabolic (sugar) control, with hormones playing little if any role (Karrer and Rodriguez, 1992) .
Conversely, the RAmylA gene is clearly under hormonal control in the aleurone (Itoh et al., 1995) but is not affected by sugar regulation (Huang et al., 1993; Yu et al., 1996) . The dependence on GA of a-amylase expression in the embryo of other cereal grains is controversial (Chandler and Moshleth, 1990; Lenton et al., 1994; Cejudo et al., 1995; Jacobsen et al., 1995) .
We investigated whether sugars affect the response to GA in barley embryos and aleurone layers. Our results indicate that the expression of a-amylase genes in barley embryos is under hormonal (GA and ABA) as well as metabolic (sugar) control, suggesting the occurrence of an interaction between the GA and sugar signal transduction pathways.
RESULTS

Sugar Controls a-Amylase Production in Embryos but Not in Aleurone Layers from Barley Grains
Our experiments were performed with the Himalaya cultivar of barley because this grain is the most widely used by researchers studying GA responses. Barley embryos and embryoless half-grains were incubated with several different carbohydrates in the presence of GA3. The results, shown in Table 1 , indicate that although the production of a-amylase by the embryo was greatly affected by several carbohydrates, embryoless half-grains were insensitive to the presence of sugars, even when used at relatively high concentrations (160 mM). Embryos were sensitive to low (25 mM) sugar concentrations; however, only sugars were effective in inhibiting a-amylase production (Table 1) . Sugar alcohols such as mannitol and sorbitol had only a very marginal effect, even when used at 80 mM, ruling out the possibility of an osmotic effect.
The effect of glucose was investigated further, and Figure 1 shows that increasing concentrations of glucose inhibit production of a-amylase by embryos but not embryoless halfgrains. Whereas 10 mM glucose can reduce the production of a-amylase by barley embryos by 50% (Figure lA) , as much as 200 mM glucose had no effect on the production of a-amylase by half-grains (Figure 1 B) . The isoelectric focusing (IEF) pattern of a-amylase isoforms extracted from the embryos and half-grains shows that the same isoforms are produced in both tissues and that in the embryo, the high-pl and low-pl groups of a-amylase isoforms are repressed by glucose (Figure l A , IEF) . The presence of exogenous GA had no effect on the synthesis of a-amylase in barley embryos (Figure l A , IEF) .
a-Amylase Production in Barley Embryos 1s Both Hormone and Sugar Modulated
The evidence of sugar repression of a-amylase prompted us to verify whether glucose affects a-amylase production at the mRNA level, whether the effects of glucose are related to its role in energy production, and whether a-amylase gene expression in barley embryos is under hormonal control. (A) Barley embryos. Embryos were incubated in 5 mM CaCI 2 containing 1 jiM GA 3 . After 36 hr, a-amylase activity was assayed. a-Amylase activity is expressed as units per milligram of protein. Data are the mean (n = 3) of two separate experiments. Extracts from embryos treated with (+) or without (-) GA 3 (GA) were electrophoresed on IEF gels and stained for a-amylase activity (white bands).
(B) Barley half-grains. Half-grains were incubated in 5 mM CaCI 2 containing 1 jxM GA 3 . After 36 hr, a-amylase activity was assayed. a-Amylase activity is expressed as units per milligram of protein.
Data are the mean (n = 3) of two separate experiments. Extracts from GA 3 -treated half-grains were electrophoresed on IEF gels and stained for a-amylase activity (white bands).
Treatment of isolated embryos with 25 mM glucose drastically reduced the level of both the high-pi and low-pi a-amylase mRNAs (Figure 2 ; cf. lanes 1 and 2), whereas the same concentration of mannitol had no effect (Figure 2 ; cf. lanes 1 and 3). Glucose therefore affects a-amylase production by reducing its mRNA level, and this is not due to an osmotic effect. We used in situ hybridization to localize a-amylase expression in the isolated embryos. a-Amylase (high-pi) mRNA was detected specifically in the scutellar epithelium ( Figures  3A and 3C ), and incubation of embryos in 25 mM glucose resulted in the complete absence of a-amylase hybridization signal ( Figures 3B and 3D ).
To test whether the effect of glucose could be related to its metabolic role, we used three different glucose analogs, which are taken up by plant cells but have different properties as hexokinase substrates: 2-deoxyglucose (2dGlc) can be phosphorylated by hexokinase, whereas 6-deoxyglucose (6dGlc) and 3-O-methylglucose (3-OMG) are not good hexokinase substrates (Jang and Sheen, 1994) . The results show Q. Embryos were incubated in 5 mM CaCI 2 containing various chemicals. Lanes 1, with GA 3 (+GA); lanes 2, with GA 3 and glucose (+GA, +Glc); lanes 3, with GA 3 and mannitol ( + GA. +Mannitol); lanes 4, with GA 3 and 2dGlc (+GA, +2dGlc); lanes 5, with GA 3 and 6dGlc (+GA, +6dGlc); lanes 6, with GA 3 and 3-OMG (+GA, +3-OMG); lanes 7, without GA 3 (-GA); lanes 8, without GA 3 , with uniconazole (-GA, + Uniconazole); lanes 9, without GA 3 , with ABA (-GA, +ABA); lanes 10, without GA 3 , with Glc (-GA, +Glc); lanes 11, with GA 3 and uniconazole (+GA, + Uniconazole); lanes 12, with GA 3 and ABA (+GA, +ABA). Concentrations are as follows: GA 3 (GA), 1 JJ.M; Glc, 25 mM; mannitol, 25 mM; 2dGlc, 0.5 mM; 6dGlc, 25 mM; 3-OMG, 25 mM; uniconazole, 10 \iM; and ABA, 25 jiM. After 24 hr, a-amylase activity was assayed. a-Amylase activity is expressed as units per milligram of protein. Data are the mean ±SE (n -3). After 24 hr of treatment, embryos were extracted for RNA gel blot analysis. Blots were probed with the a-amylase high-pi and low-pi probes on separate membranes. Membranes were reprobed with an rRNA probe (data not shown).
B ure 2, lanes 11 and activity data). This indicates that a-amylase synthesis in barley embryos is GA dependent. ABA plays an important role in repressing u-amylase expression in barley aleurones, and we tested whether the same holds true for the barley embryo. Figure 2 (lanes 9) shows that ABA is a powerful represser of a-amylase induction by endogenous GA in barley embryos as well. Although exogenous GA 3 can partly revert the effects of ABA (Figure 2 , lanes 12), application of GA 3 (even at 10 |j.M; data not shown) cannot counteract the negative effects of glucose (Figure 2 ; cf. lanes 2, 10, and data not shown). Overall, this indicates that induction of a-amylase in barley embryos is modulated by GA and ABA as well as by glucose repression. that only 2dGlc (0.5 mM) can trigger repression of a-amylase mRNA accumulation (Figure 2 , lanes 4 and activity data), whereas 6dGlc and 3-OMG (25 mM) have no effect (Figure 2 , lanes 5 and 6 and activity data).
Exogenous GA 3 had little effect on a-amylase mRNA or enzyme activity in barley embryos (Figure 2 ; cf. lanes 1 [+GA] and lanes 7 [-GA]), a possible consequence of a saturating level of GA synthesized by the embryo during the 24-hr incubation. We used the GA biosynthesis inhibitor uniconazole (Izumi et al., 1984) to repress GA biosynthesis in barley embryos and examined the dependence of a-amylase induction on exogenous GA 3 . The data show that a-amylase mRNA levels and activity were greatly reduced in the presence of uniconazole ( Figure 2 , lanes 8 and activity data) but that exogenous GA 3 could restore a-amylase induction (Fig- 
Sugar Repression of o-Amylases Is Independent of Glucose Effects on GA Biosynthesis
We tested whether glucose could affect GA level in barley embryos and whether this could play a role in the observed repression of a-amylase induction. We compared the responses of barley embryos to increasing exogenous glucose concentrations in terms of a-amylase production and synthesis of biologically active GA. GA was not detected in the embryos from dry barley grains (data not shown). The results, reported in Figure 4A , indicate that the threshold for glucose repression of a-amylase and GA production is different, with a-amylase synthesis repressed by >50% by as little as 12.5 mM glucose, whereas as much as 37.5 to 50 mM is needed to repress GA synthesis to the same extent. This result suggests that the effects of sugars on GA level and a-amylase repression are independent, because most of our experiments used 25 mM glucose, a concentration unable to repress GA synthesis but sufficient for repression of a-amylase synthesis.
To find an additional piece of evidence supporting this view, we used embryos isolated from the slender mutant of barley, slender barley is a constitutive GA response mutant (Chandler, 1988; Lanahan and Ho, 1988) having the GA perception-signal transduction pathway constitutively activated (Hooley, 1994) and whose phenotype is not influenced by GA biosynthesis inhibitors (Croker et al., 1990) . Embryos segregating for the slender mutation in the Himalaya background were identified (see Methods) and separated from wild-type embryos. Embryos were then treated with uniconazole, glucose, and ABA in the presence or absence of GA 3 . The results, shown in Figure 4B , indicate that although the uniconazole-treated wild-type embryos are dependent on exogenous GA 3 for a-amylase expression, the slender mutant expresses a-amylase in the absence of GA 3 . Both glucose and ABA can repress a-amylase expression in either the wild type or the slender mutant. This further demonstrates that glucose repression of a-amylase is independent of effects on GA level and suggests that it acts downstream of the slender mutation, as previously observed for ABA (Chandler, 1988; Lanahan and Ho, 1988 (A) Effect of glucose on a-amylase production and GA biosynthesis. Embryos were incubated in 5 mM CaCI 2 for 24 hr. Embryos were extracted and assayed for a-amylase and bioactive GA content. GA content is expressed as GA 3 equivalents. a-Amylase activity is expressed as units per milligram of protein. Data are the mean ±SE (n = 3). FW, fresh weight; Glc, glucose.
(B) Effect of glucose on a-amylase production and mRNA level in wild-type (WT) and slender (sin) embryos. Embryos were incubated in 5 mM CaCI 2 containing 10 (xM uniconazole for 24 hr. Embryos were incubated in the presence ( + GA) or absence (-GA) of GA 3 . When used, glucose concentration was 25 mM, ABA concentration was 25 ^M, and GA 3 (GA) concentration was 1 ^M. a-Amylase activity is expressed as units per milligram of protein. Data are the mean ±SE (n = 3). After 24 hr of treatment, embryos were extracted for RNA gel blot analysis. Blots were probed with the a-amylase high-and low-pi probes on separate membranes. Lanes 1 contain the wild type with uniconazole and without GA 3 (-GA); lanes 2, wild
Repression of a-Amylase by Glucose in Barley Embryos Is Independent of ABA
Both glucose and ABA repression act downstream of thes/ender mutation ( Figure 4B ), and this suggests that the glucose effect is mediated by ABA, either by increasing the sensitivity of the tissue to endogenous ABA or by inducing ABA synthesis. We tested whether incubation under the conditions described in Figure 2 could result in increased expression of the ABA-inducible Rab16A gene (Mundy and Chua, 1988; Yamaguchi-Shinozaki et al., 1989) . The data ( Figure 5A ) show that only exogenous ABA treatments resulted in an increased expression of the Rab16A gene, whereas the basal expression of this gene was not affected by any of the other treatments. Overall, the results shown in Figure 5A indicate that it is unlikely that the glucose treatment results in a higher sensitivity to ABA or increased ABA synthesis, because this would have had consequences for the pattern of expression of the Rab16A gene. We confirmed this by analyzing embryo extracts for ABA content. Figure 5B shows the results of the ABA assay, indicating that both the glucose and mannitol treatments bring about decreased rather than increased ABA content. We conclude that the effect of glucose on a-amylase induction is not likely to be mediated by ABA.
Aleurone Layers Isolated from Barley Grains of Cultivar Himalaya Are Insensitive to Glucose
The results reported in Table 1 and Figure 1B suggest that the half-grains from Himalaya barley are not sensitive to glucose, because they produce a-amylase even in the presence of relatively high glucose concentrations. Our experiments show that insensitivity of aleurone layers is not the result of the inability of the layer to take up glucose (Figure 6 ). The aleurone layer is insensitive to glucose in the presence or absence of GA because both a-amylase mRNA and enzyme levels are unaffected by this sugar (Figure 7) .
We tested the sensitivity of barley embryos to exogenous GA 3 applied to uniconazole-treated embryos and compared it with that of embryoless half-grains. There appears to be no significant difference between barley embryos and half-grains in their sensitivity to increasing GA 3 concentrations, as shown by the slope of the regression line plotted in Figure 8 . The process of a-amylase induction by GA in barley embryos is comparable to that occurring in the aleurone, apart from the effect of glucose, which is absent in the aleurone layers.
type with uniconazole and GA 3 (+GA); lanes 3, wild type with uniconazole, GA 3 , and glucose (+GA, +Glc); lanes 4, wild type with uniconazole, GA 3 , and ABA (+GA, +ABA); lanes 5, slender with uniconazole and without GA 3 (-GA); lanes 6, slender with uniconazole and glucose and without GA 3 (+Glc); and lanes 7, slender with uniconazole and ABA and without GA 3 (+ABA). 
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& 10 The results reported here indicate that a-amylase synthesis in the scutellar epithelium of barley embryos is modulated by both sugars and hormones (GA and ABA). Aleurone tissue, on the other hand, is insensitive to sugars, and a-amylase synthesis is modulated by hormones only.
Our data show that both the high-and low-pi a-amylase genes are under hormonal control in the barley embryo. This conclusion is supported by a report from Chandler and Mosleth (1990) suggesting GA dependence for the induction of high-pi a-amylase in the embryo from a GA-deficient mutant of barley. Moreover, our data show that ABA is able to counteract GA action in the embryo, repressing a-amylase induction.
It is possible to envision several models of how glucose might affect the induction of a-amylase in barley embryos: (1) the effect of glucose could be related to an osmotic effect, which is known to affect a-amylase induction in barley and rice aleurones (Jones and Armstrong, 1971; Yu et al., 1996) ; (2) the effect of glucose could be related to its role as a general source of energy and carbon skeletons rather than as a signal molecule (Moalem-Beno et al., 1997); (3) glucose repression of a-amylase induction may indirectly result from the repression of GA biosynthesis triggered by sugars (Radley, 1967; Smith and Briggs, 1980) ; (4) the glucose effect could be indirectly mediated by ABA; and (5) glucose might act as a signal molecule whose signal transduction pathway negatively interacts with the GA signal transduction pathway.
The first of these models is not supported by our data. Only sugars can bring about repression of a-amylase induction by GA 3 , whereas mannitol and sorbitol are ineffective, ruling out the possibility of an osmotic effect (Table 1) . Moreover, glucose concentrations as low as 10 mM can trigger repression, and it is unlikely that this concentration can exert an osmotic effect on the tissues studied (Figure 1 A) .
Extensive sugar metabolism is not required for repression, because the glucose analog 2dGlc could bring about repression of a-amylase (Figure 2 ). The product of 2dGlĉ Aleurone layers were incubated in 5 mM CaCI 2 with (+) or without (-) 1 M-M GA 3 (GA). Glucose (Glc) concentration was 100 mM. After 24 hr, ct-amylase activity was assayed. a-Amylase activity is expressed as units per milligram of protein. Data are the mean ±SE (n = 3). After 24 hr of treatment, aleurones were extracted for RNA gel blot analysis. Blots were probed with the a-amylase high-and low-pi probes on separate membranes. Lanes 1, without GA 3 (-GA); lanes 2, with GA 3 (+GA); lanes 3, without GA 3 and with glucose (-GA, +Glc); and lanes 4, with GA 3 and glucose (+GA, + Glc).
suits in neither increased ABA levels in the embryo ( Figure  5B ) nor increased Rab16A gene expression ( Figure 5A ), a good marker for evaluating ABA content and tissue sensitivity to this hormone (Van Beckum et al., 1993) . We argue that our data support the fifth scenario. Results of the experiments using glucose analogs are in agreement with glucose acting as a signal molecule (Jang and Sheen, 1994) . Sugar phosphorylation is needed for repressing a-amylase induction, because glucose analogs, such as 6dGlc and 3-OMG, that cannot be phosphorylated are not able to bring about reduction of a-amylase mRNA levels and enzyme activity, whereas repression is observed when 2dGlc is used (Figure 2) . These results suggest that the sugar-sensing machinery in barley grains may involve a hexokinase (Jang et al.,1997) , although we cannot rule out the possible existence of a stereospecific receptor distinct from hexokinase (Graham, 1996) .
The sugar signaling apparently interacts negatively with the GA signal transduction pathway. Despite vigorous efforts, most of the components of the GA signal transduction pathway are still unknown. It is thus difficult to locate the interaction with the sugar signal along the GA transduction pathway, but it is likely that the sugar signal is perceived inside of the cell (Jang and Sheen, 1994) : because GA perception takes place at the plasma membrane (Gilroy and Jones, 1994; Hooley, 1994) , the sugar signal most likely interacts downstream of the perception of GA and downstream of the slender mutation. Although speculative at this stage, the published evidence showing that Ca 2+ signaling and protein phosphatases are involved in both the GA and sugar signal phosphorylation is not further metabolized (Jang and Sheen, 1994) , excluding a possible effect of sugars related to their role as a general source of carbohydrates for respiratory metabolism and making the second model an unlikely explanation.
There is some merit in the third model, because glucose can indeed repress GA biosynthesis. However, our data indicate that glucose repression of a-amylase induction is independent of its effects on GA biosynthesis. There are at least three lines of evidence supporting this statement. First, exogenous GA 3 is unable to counteract the negative effects of glucose (Figure 2 ), although it is worth remembering that GA 3 is seldom the most abundant among the bioactive GA produced by cereal embryos (Grosselindemann et al., 1992; Lenton et al., 1994; Kobayashi et al., 1995) . Second, glucose can exert a negative effect on the synthesis of bioactive GA (Radley, 1967; Yu et al., 1996;  Figure 4A ), but the threshold for this effect is higher than that for a-amylase repression. Third, glucose can repress a-amylase expression in embryos from the slender constitutive GA response mutant ( Figure 4B Embryos were incubated in 5 mM CaCI 2 containing 10 \iM uniconazole for 24 hr. Half-grains were incubated in 5 mM CaCI 2 . Various GA 3 concentrations (as indicated) were applied, and the amount of a-amylase produced was quantified. Induction of 100% indicates the amount of a-amylase produced when an increase in GA 3 concentration does not lead to further a-amylase production. Data are mean ±SE (n = 3).
transduction pathways suggests communication at this level (Takeda et al., 1994; Ohio et al., 1995; Gilroy, 1996; Kuo et al., 1996; Chengetal., 1997) .
Repression of a-amylase induction by sugars cannot be observed when aleurone layers are used (Figure 7 ). This is consistent with an earlier report by Jones and Armstrong (1971) showing that although glucose and maltose in the range of 200 to 400 mM could bring about repression of a-amylase production in Himalaya aleurones, this effect was also observed when mannitol was used, indicating osmotic rather than metabolic regulation. It is not known why the aleurone and epithelium tissues differ in their sugar sensitivity. No significant differences were found in the hormonal response of these two tissues. a-Amylase induction modulated by hormones (GA and ABA) is comparable in both the epithelium (Figure 2 ) and aleurone tissues (Jones and Jacobsen, 1991) , and no differences in their sensitivity to GA were observed (Figure 8 ). Barley aleurones take up glucose efficiently ( Figure 6 ; Chrispeels et al., 1973) , suggesting that the component(s) of the sugar signal transduction pathway downstream of glucose uptake is missing in the aleurone layers, whereas all components are present in the epithelium. Alternatively, a specific factor able to regulate the interaction between the GA and sugar signal transduction pathways may be missing in the aleurone cells. The comparative use of these tissues from barley grains differing in their responses to the sugar signals could be of help for the future identification of the components responsible for the communication between the GA and sugar signal transduction pathways.
Feedback Modulation of GA-lnduced a-Amylase Expression in Barley Grains
Regulation of a-amylase synthesis by glucose is most likely operating in vivo. a-Amylase mRNA level and enzyme secretion from the scutellum in intact barley grains decrease after the first days of germination (Ranki and Sopanen, 1984; Karrer et al., 1991) , which is consistent with in vivo repression by the carbohydrates released from endosperm starch degradation. It is worth noting that the glucose concentration in the endosperm of germinating barley grains is compatible with sugar repression in the embryo, because it is >30, 100, and 200 mM in the endosperm from 2-, 3-, and 4-day-old seedlings, respectively (Jones and Armstrong, 1971; P. Perata, unpublished results) . Besides a-amylase, the expression of (1->3, 1->4)-f5-glucanases can also occur transiently in the scutellar epithelium (McFadden et al., 1988) , suggesting that sugar repression might not be restricted to a-amylases but may have a more general relevance to germination in cereal grains.
A model can be drawn for a-amylase regulation by sugars and GA in germinating barley grains (Figure 9 ). GA synthesis (in the embryo), perception, and the signal transduction pathway (in the epithelium and aleurone) result in a-amylase production and secretion, initially in the epithelium and later in the aleurone. The starchy endosperm facing the epithelium is degraded first (Okamoto et al., 1980; Fincher, 1989) , and the resulting soluble sugars repress a-amylase synthesis in the epithelium but not in the aleurone. The physiological significance of sugar repression of a-amylase production in the epithelium is unclear, although it is tempting to speculate that it may trigger an important functional switch in the physiological role of the epithelium from the initial secretion of a-amylases to its role in absorbing endosperm degradation products (Okamoto et al., 1980; Fincher, 1989) . Although the Himalaya variety is the most commonly used for studies concerning the responses to GA, it is worth remembering that the response of the Himalaya variety is not necessarily typical of other barley varieties (Fincher, 1989) . However, sugar repression in the embryo was observed also with other barley varieties (data not shown), indicating that this phenomenon is not restricted to the Himalaya variety.
Our model (Figure 9 ) differs from those based on rice as the experimental system. In rice grains, sugars repress a-amy- lase genes not under hormonal control and may only indirectly affect the induction of hormone-modulated a-amylase genes by repressing the synthesis of GA (Thomas and Rodriguez, 1994; Yu et al., 1996) .
Sugar repression of the GA-dependent signaling represents a negatively acting element (Bowler and Chua, 1994) along the GA signal transduction pathway that ensures a GA response coordinated with the functional and metabolic status of the epithelium cells. Our results provide a working model for investigating how the interaction between signal transduction pathways results in the modulation of metabolic and developmental processes.
METHODS
Plant Material
Barley (Hordeum vulgare) grains of cultivar Himalaya from 1985 and 1995 harvests (Washington State University, Pullman) were used. Because no differences were observed between the two batches of grains, the 1995 batch was used for the experiments reported in this paper. Embryos were dissected from sterilized grains (shaking in 5% sodium hypochlorite for 1 hr; washing in sterile water with shaking for 1 hr) using a scalpel. Only perfectly intact embryos were used, with no starch adhering to the scutellar tissue. Embryoless half-grains were prepared as described above by removing the embryo-side one-third of the grain. Aleurone layers were prepared as described by Chrispeels and Varner (1 967) . Only starch-free aleurones were used. We verified the absence of starch adhering to the inner part of the aleurones by iodine staining of randomly chosen aleurones. lncubation of plant tissues was performed in 24-well plastic plates, with each well containing four embryos or three aleurone/embryoless half-grains and 500 pL of 5 mM CaCI, containing 5 kg of chloramphenicol. The tissues were incubated at 25°C with vigorous shaking. When used, 1 )LM gibberellic acid (GA3) and/or 25 pM abscisic acid (ABA) were added. In some experiments, 10 kM uniconazole ([€J-1-[4-chlorophenyl]-4,4-dimethyl-2-[l,2,4-triazol-l -yl]-1 -penten3-01; Sumitomo Chemical Co., Takarazuka, Japan) was used. Toxicity of the glucose analogs was tested by checking the germination of the isolated embryos and comparing it with the control (CaCI,-only) embryos. Both 6-deoxyglucose (6dGlc) and 3-O-methylglucose (3-OMG) were not toxic at concentrations up to 40 mM; a 25 mM concentration was routinely used. 2-Deoxyglucose (2dGlc) is toxic at concentrations >1 mM, and so it was used at 0.5 mM.
slender Barley Embryo ldentification Barley grains with slender mutants in a Himalaya background were obtained from M. Robertson (Cooperative Research Center for Plant Science, Canberra, Australia). The slender mutant is self-sterile and must be maintained as a heterozygous population. Grains from the heterozygous plants segregate three normal (wild type) to oneslender. Mutant grains were identified by the starch plate method described by Lanahan and Ho (1988) . Half-grains were tested, while the corresponding embryos were stored at 4°C. After being identified as wild type and slender mutants, the embryos were used for the experiments.
Assay of a-Amylase Activity
Samples were extracted in Na-acetate (50 mM, pH 7.0) buffer containing 5 mM CaCI,. The homogenate was centrifuged at 18,5009 for 10 min, and aliquots of the supernatant were used for a-amylase assay. a-Amylase activity was determined as described by Mitsunaga and Yamaguchi (1 993) by using the amylopectin-azure method. Samples (1 O to 1 O0 pL) were incubated for O, 1 O, 20, 30, and 60 min to check for the linearity of the assay. Units of activity are defined as the amount of enzyme resulting in an A,,, of 1 in 30 min. lsoelectric focusing (IEF) and activity staining were performed as previously described (Perata et al., 1992) .
Assay of ABA ABA content in barley embryos was determined by radioimmunoassay, as previously described, by using a highly specific monoclonal antibody (Vernieri et al., 1989; Walker-Simmons et al., 1990) . The absence of cross-reacting material other then ABA in the extracts was verified by HPLC fractionation of the crude extracts. An HPLC instrument (Laboratory Data Control, Milton Roy Co., Riviera Beach, FL) equipped with a UV absorbance detector operating at 254 nm was used. The column (15 cm x 0.25 inch) was packed with Lichrosorb RP 18 (10 pm; Alltech Associated Inc., Deerfield, Belgium) and was eluted at a flow rate of 1 mUmin using different proportions of methano1 and water (added with 0.05 M acetic acid): 30 to 50% methanol for 20 min, 50% methanol for 6 min, and a linear gradient 50 to 100% methanol for 15 min. Two-milliliter fractions were collected, dried under vacuum, and resuspended in 75 mM PBS (75 mM Na-phosphate, pH 7, containing 75 mM NaCI). Each fraction was assayed in triplicate by radioimmunoassay. The injected immunoreactivity was all recovered in the fractions with the same elution volume as ABA. Noncompetitive interferences were excluded by interna1 standardization experiments (Perata et al., 1990 ).
Assay of Gibberellins
Extraction of plant material for the bioassay of gibberellins (GA) was as described by Yu et al. (1996) . The leve1 of gibberellins active in the promotion of a-amylase induction in barley was determined by using the bioassay method described by Jones and Varner (1967) .
cDNA Probes
The high-pl a-amylase probe was clone pM/C (Rogers, 1985) ; the low-pl a-amylase probe was clone E (Rogers and Milliman, 1983) . The probe for detecting the ABA-inducible Rab gene was Rab76A (Mundy and Chua, 1988; Nakagawa et al., 1996) . RNA lsolation and Gel Blots RNA extraction was performed by using the aurintricarboxylic acid method, as described by Skadsen (1 993), with minor modifications. Because we extracted RNA from low-starch-containing tissues (embryos and aleurones), the calcofluor white step was omitted. The amount of total RNA loaded for electrophoresis varied depending on the tissue: 20 pg of total RNA was routinely loaded for aleurone samples, with 40 pg of total RNA used for embryo samples.
RNA was electrophoresed on 1.2% L03 (Takara Co. Ltd., Shiga, Japan) agarose-formaldehyde gel and blotted on a nylon membrane (Hybond N+; Amersham) by using a pressure blotter apparatus (Stratagene, La Jolla, CA), as suggested by the manufacturers. Membranes were prehybridized for 2 hr at 65°C in 7% SDS and 0.5 M Na2P04, pH 7.2. Radiolabeled probes were prepared from gel-purified cDNA inserts by random primer labeling with CX-~~P-~CTP.
Hybridization was performed at 65°C in 7% SDS and 0.5 M Na2P04, pH 7.2. The blots were washed four times in 2 X SSC (1 X SSC is 0.15 M NaCl and 0.015 M sodium citrate) containing 1% SDS for 30 min each and four times in 0.2 x SSC and 1 % SDS for 30 min each at 65°C. Gene-specific hybridization with the a-amylase probes was checked by loading 5 ng of the denatured insert of each of the high-and low-pl cDNAs. The amount of cross-hybridization, as shown by Skadsen (1993) , was very low under the conditions used. Equal loading was checked by reprobing with an rRNA cDNA probe and ethidium bromide staining.
Blots were exposed using a Fujix BAS2000 Bio-lmaging analyzer (Fuji Photo Film Co., Ltd., Tokyo, Japan). The exposure time needed for visualizing the hybridization bands from barley embryo RNA blots was up to 3 days compareci with the 6 hr needed for the aleurone RNA blots. This is explained by the expression of a-amylase restricted to the epithelium in the embryos (see Results), whereas all of the aleurone cells expressed a-amylase. The longer exposure time needed for the embryo RNA blots resulted in an uneven background and sometimes spotty appearance of the blots.
In Situ Hybridization
lsolated barley embryos were fixed in FAA (formalin-acetic acid-50% ethanol [1:1:18]) for 24 hr at 5°C. After dehydration in a graded 2-methyl-2-propanol series, samples were embedded in Paraplast (Oxford Labware, St. Louis, MO) and sectioned at 10 pm by using a rotary microtome. Sections were applied to slide glasses treated with 3-aminopropyltrichlorosilane (Shinetsu Chemicals, Tokyo, Japan). A digoxigenin-labeled RNA probe of barley (-300 bp) was prepared from the 3' region of a high-pl a-amylase gene cDNA clone (pM/C). Probes were degraded to a mean length of 150 bp by incubating in alkali at 60°C. In situ hybridization was performed according to Kouchi and Hata (1 993) . Hybridization signals were detected according to Kouchi and Hata (1993) . The hybridization signal was not detected when sense probes were used. Accordingly, only results obtained using the antisense probe are shown.
GA Sensitivity Test
The sensitivity to GA3 in embryos and half-grains from the Himalaya barley variety was tested by incubating the tissues in 5 mM CaCI, and various GA3 concentrations for 24 hr. To the embryo medium was added 1 O pM uniconazole to repress endogenous GA synthesis. The effectiveness in the repression of GA synthesis was confirmed by assaying the GA content of uniconazole-treated embryos. One hundred percent induction is defined as the amount of a-amylase produced at saturating GA3 levels. Any further increase in the GA3 concentration does not result in any additional increase in the production of a-amylase.
Sugar Uptake Experiments
Glucose uptake was assayed by incubating aleurone layers in 5 mM CaCI, containing 25 mM glucose added with radiolabeled glucose @-[I -3H{w]-glucose; DuPont-New England Nuclear). The pericarp was removed from aleurone layers to reduce the unspecific trapping of radiolabeled glucose. Aleurones were collected at the indicated times and washed with a 25 mM glucose solution for 15 min to remove radiolabeled glucose eventually trapped (but not taken up by the cells) in the aleurones. In addition, incubation in the radiolabeled glucose solution was also performed using boiled (5 min) aleurones to estimate the amount of glucose trapped, and data were corrected accordingly. Uptake was determined by extraction of the aleurones followed by scintillation counting. One hundred percent uptake is defined as the uptake of an amount of glucose corresponding to the theoretical equilibrium between the glucose concentration in the externa1 medium and that inside of the cell (on the basis of the water content of the plant material).
